Erythropoiesis is critically dependent on erythropoietin (EPO), a glycoprotein hormone that is regulated by hypoxia-inducible factor (HIF). Hepatocytes are the primary source of extrarenal EPO in the adult and express HIF-1 and HIF-2, whose roles in the hypoxic induction of EPO remain controversial. In order to define the role of HIF-1 and HIF-2 in the regulation of hepatic EPO expression, we have generated mice with conditional inactivation of Hif-1a and/or Hif-2a (Epas1) in hepatocytes. We have previously shown that inactivation of the von Hippel-Lindau tumor suppressor pVHL, which targets both HIFs for proteasomal degradation, results in increased hepatic Epo production and polycythemia independent of Hif-1a. Here we show that conditional inactivation of Hif-2a in pVHL-deficient mice suppressed hepatic Epo and the development of polycythemia. Furthermore, we found that physiological Epo expression in infant livers required Hif-2a but not Hif-1a and that the hypoxic induction of liver Epo in anemic adults was Hif-2a dependent. Since other Hif target genes such phosphoglycerate kinase 1 (Pgk) were Hif-1a dependent, we provide genetic evidence that HIF-1 and HIF-2 have distinct roles in the regulation of hypoxia-inducible genes and that EPO is preferentially regulated by HIF-2 in the liver.
Introduction
The glycoprotein erythropoietin (EPO) is essential for the regulation of red blood cell mass in response to changes in tissue oxygenation. EPO induces erythropoiesis through the stimulation of erythroid precursor cell viability, proliferation, and differentiation, thus enhancing the oxygen-carrying capacity of blood (review in ref. 1) . Lack of Epo during murine development results in embryonic lethality at E13.5 as a result of cardiac failure and anemia (2, 3) . Clinically, dysregulated EPO expression results in the development of anemia when serum EPO levels are inadequately low or polycythemia as a result of EPO overproduction.
EPO expression is tightly regulated by developmental, tissue-specific, and physiological cues (1) . During development, the physiological source of EPO switches from the fetal liver to the kidney in adults, the timing of which is species dependent (4) (5) (6) (7) . Although the kidney is the primary physiologic source of EPO in the adult, the liver maintains the capacity to express EPO. Hepatocytes are the primary cell type responsible for Epo expression in the liver (8) . During normal erythropoiesis, the ratio between kidney and liver Epo levels in the adult is 9:1 (9) . However, under conditions of severe hypoxia, it has been estimated that liver Epo production may account for more than 33% of total Epo (10) .
The primary physiological stimulus of increased EPO gene transcription is tissue hypoxia, which can induce up to a 1,000fold increase in circulating serum EPO levels (1) . Studies aimed at isolating factors responsible for the hypoxia-mediated induction of EPO identified the heterodimeric basic helix-loop-helix (bHLH) transcription factor hypoxia-inducible factor-1 (HIF-1) (11) (12) (13) . HIF-1 belongs to the PAS (PER/ARNT/SIM [PER/arylhydrocarbon-receptor nuclear translocator/single minded]) family of hypoxia-regulated transcription factors and consists of an oxygen-sensitive α subunit and the constitutively expressed β subunit ARNT (14) . Together with HIF-2α (also known as EPAS-1, HLF), HIF-1α facilitates oxygen delivery and cellular adaptation to hypoxia by stimulating erythropoiesis, angiogenesis, and anaerobic glucose metabolism (15, 16) . Under normoxia, HIF-1α and HIF-2α are targeted for proteasomal degradation by the von Hippel-Lindau (VHL) tumor suppressor pVHL, which functions as the substrate recognition component of an E3 ubiquitin-ligase complex. pVHL-mediated targeting of HIF-α requires oxygen-and iron-dependent hydroxylation of specific proline residues within the oxygen-dependent degradation domain (ODD) of HIF-α by specific prolyl-4-hydroxylase domain-containing (PHD-containing) proteins (reviewed in ref. 17 ). In the absence of either oxygen or HIF ubiquitination (i.e., as a result of mutated pVHL), HIF-α subunits are stabilized and translocate to the nucleus, where they heterodimerize with ARNT and activate transcription upon binding to hypoxia response elements (HREs) located within regulatory elements of HIF target genes (reviewed in refs. 15, 16) .
The role of HIF-1 and HIF-2 in the hypoxic induction of hepatic EPO remains controversial. Although HIF-1 was initially purified from human hepatoma (Hep3B) cells as the HIF that bound to an 18-nucleotide fragment of the 3' EPO regulatory element containing the HRE, which appears to specifically control hepatic EPO expression (18), the hypoxic induction of endogenous EPO in the same cell line was recently found to be largely dependent on HIF-2 and not HIF-1 using an siRNA knockdown approach (13, 19) . While the regulation of EPO in Hep3B cells is dependent on HIF-2, EPO induction in HepG2 hepatoma and SH-SY5Y neuroblastoma cells was suggested to be HIF-1 dependent, indicating cell typespecific differences (M.P. Biju and V.H. Haase, unpublished observations; ref. 20) . It has been proposed that in vivo HIF-1 plays a role in the physiologic regulation of EPO expression in the embryo and in the hypoxic regulation of EPO in the retina and liver (21) (22) (23) . In contrast, we have previously shown that hepatic overproduction of EPO in a mouse model of VHL-associated polycythemia is not dependent on HIF-1 but requires ARNT, suggesting a dominant role for HIF-2 (24) . In order to define the role of HIF-1 and HIF-2 in hepatic EPO regulation, we utilized Cre-loxP-mediated recombination to inactivate murine HIF-1α or HIF-2α (hereafter referred to as Hif-1α and Hif-2α) in the livers of mice deficient in VHL syndrome homolog (Vhlh, the murine ortholog of the human VHL gene) and WT mice.
In this report, we demonstrate by direct genetic comparison that inactivation of Hif-2α, but not Hif-1α, is sufficient to suppress hepatic Epo induction in both Vhlh deficient and WT adult mice that were made acutely anemic by phenylhydrazine (PHZ) treatment and phlebotomy. Additionally, we show that the absence of hepatic Hif-2α, in contrast to Hif-1α, resulted in a suppression of physiologic baseline Epo levels in the infant liver. Furthermore, we propose that HIF-2 dominance is the result of preferential HIF-2 binding to the HRE located within the endog-enous EPO 3' enhancer element. Our results establish a principal role for HIF-2 in the hypoxic regulation of liver EPO in vivo and have implications for therapeutic strategies in the treatment of anemia associated with chronic renal disease aimed at pharmacological manipulations of the HIF oxygen-sensing pathway.
Results

Efficient recombination of the Hif-1α
and Hif-2α conditional alleles in hepatocytes. Hepatocytes are the primary source of extrarenal EPO in response to hypoxia and anemia. They express 2 HIF-α homologs (HIF-1α and HIF-2α) that have been previously characterized as hypoxia-responsive transcriptional activators, which have the capacity to activate EPO expression (25) (26) (27) . In order to determine the requirement for HIF-1α and HIF-2α in the hypoxic induction of hepatic EPO expression in vivo, we conditionally inactivated Hif-1α and Hif-2α in hepatocytes of Vhlh-deficient and WT mice. Conditional alleles for both Hif-1α and Hif-2α (Hif-1α 2-lox, Hif-2α 2-lox) contain LoxP sites that flank exon 2, which encodes the bHLH DNA binding domain ( Figure 1A) , resulting in an out-of-frame deletion of exon 2 and inactivation of Hif-1α and Hif-2α, respectively, upon Cremediated recombination (28, 29) .
For the hepatocyte-specific inactivation of Hif-1α, Hif-2α, and Vhlh, we used PEPCK-Cre and albumin-Cre transgenic lines. PEPCK-Cre transgenic mice express Cre-recombinase under control of a mutated phosphoenolpyruvate carboxykinase promoter, which is expressed in periportal hepatocytes targeting approximately 20% of hepatocytes (24) . As previously shown, PEPCK-Cre-mediated inactivation of Vhlh results in increased hepatic Epo and development of polycythemia that was found to be Hif-1α independent (24) . To determine the requirement for Hif-2α in hepatic Epo expression and the development of polycythemia in PEPCK-Vhlh mutant mice, we generated PEPCK-Vhlh/Hif-2α mutant mice. Similar to the Vhlh conditional allele, the Hif-2α 2-lox allele was efficiently recombined in PEPCK-Vhlh/Hif-2α mutant livers as determined by genomic PCR analysis ( Figure 1B ).
Albumin-Cre transgenic mice express Cre-recombinase in the majority of hepatocytes (>80%) under the control of the albumin promoter (30) . Recombination of the Vhlh 2-lox allele by albumin-Cre results in severe liver pathology and premature morbidity by 4-6 weeks of age (24) . Albumin-Cre-mediated recombination of the Hif-1α and Hif-2α conditional alleles was readily detectable in adult albumin-Vhlh/Hif-1α, albumin-Vhlh/Hif-2α, and albumin-Vhlh/Hif-1α/Hif-2α mutant livers by genomic PCR analysis ( Figure 1C ) and resulted in complete loss of Hif-1α and Hif-2 α Inactivation of Hif-2α suppresses the development of polycythemia in Vhlh-deficient mice. Patients with VHL disease are predisposed to the development of polycythemia that is associated with paraneoplastic EPO production from tumors including renal cell carcinomas, hemangioblastomas, and pheochromocytomas (31) . We have recently reported that Vhlh gene deletion in the liver results in Hif activation (both Hif-1 and Hif-2) and the development of polycythemia associated with increased hepatic Epo expression (24, 32) . Moreover, we observed that the development of polycythemia in Vhlh-deficient mice occurred in an Hif-1-independent and Arnt-dependent manner, suggesting a predominant role for Hif-2 (24) . To determine the requirement for Hif-2 in the development of polycythemia in PEPCK-Vhlh mutant mice, we compared hematocrit values, hemoglobin concentrations, and red blood cell numbers in PEPCK-Vhlh, PEPCK-Vhlh/Hif-2α, and PEPCK-Crenegative mice. We observed that PEPCK-Vhlh/Hif-2α and WT mice exhibited similar hematocrit values (51% ± 9.5% and 53% ± 6.5%, respectively; Figure 2A ), hemoglobin concentrations (15.18 ± 0.3 g/dl and 14.6 ± 0.7 g/dl, respectively; Figure 2B ), and red blood cell numbers (10.425 × 10 6 ± 0.2 × 10 6 /μl and 10.133 × 10 6 ± 0.43 × 10 6 /μl, respectively; Figure 2C ). In contrast, PEPCK-Vhlh littermates developed erythrocytosis, with average hematocrit values of 78% ± 14.3% (Figure 2A ), hemoglobin concentrations of 22.25 ± 0.8 g/dl ( Figure 2B) , and red blood cell numbers of 15.025 × 10 6 ± 0.7 × 10 6 /μl ( Figure 2C ). From these data, we conclude that despite constitutive activation of both Hif factors, Hif-2α is required for the development of polycythemia in PEPCK-Vhlh mutant mice.
Because the development of polycythemia in PEPCK-Vhlh mutants is associated with increased Epo expression, we next determined whether inactivation of Hif-2α is sufficient to suppress Epo transcript levels. Real-time PCR analysis revealed that relative hepatic Epo mRNA levels in PEPCK-Vhlh/Hif-2α mutants were significantly reduced compared with those in PEPCK-Vhlh
Figure 2
Inactivation of Hif-2α suppresses the development of polycythemia in PEPCK-Vhlh mutant mice. (A) Photograph of centrifuged microcapillary tubes containing blood from representative PEPCK-Vhlh (hematocrit 89%; 1), PEPCK-Vhlh/Hif-2α (hematocrit 48%; 2), and control (hematocrit 53%; 3) mice. (B and C) Elevated hemoglobin (Hgb) and red blood cell numbers in PEPCK-Vhlh mutant mice were suppressed in PEPCK-Vhlh/Hif-2α mutant mice. Shown are hemoglobin concentrations and red blood cell (rbc) numbers in blood collected from PEPCK-Cre mutant and control (Cre -) mice determined by a complete blood count analyzer. mutant mice (P < 0.001) ( Figure 2D ). Although Epo transcripts were detectable in PEPCK-Vhlh/Hif-2α mutant livers, they were not significantly different from Epo levels in control mice (P = 0.268). In conclusion, inactivation of Hif-2α is sufficient to suppress hepatic Epo expression in Vhlh-deficient livers despite increased Hif-1α activity, suggesting that Hif-2 is the dominant Hif with regard to hepatic Epo regulation.Hif-1 and Hif-2 activate distinct target genes in Vhlh-deficient livers. In order to determine whether other Hif target genes are preferentially regulated by Hif-2 in hepatocytes, we examined Hif target gene expression levels in the livers of albumin-Cre mutants by real-time PCR. Similar to what was observed in PEPCK-Vhlh mutant mice, Epo expression in albumin-Vhlh mutants was Hif-2α dependent ( Figure 3A ). Epo mRNA levels in albumin-Vhlh/Hif-1α/Hif-2α and albumin-Vhlh/Arnt mutant mice were not significantly different from those in albumin-Vhlh/ Hif-2α or control mice, suggesting that the Hif-1α/Arnt heterodimer plays only a minor role in the transcriptional regulation of hepatic Epo ( Figure 3A ).
Similar to that of Epo, expression of the HIF target gene transferrin (Trf), which encodes an iron transport protein, was induced in an Hif-2α-specific manner in albumin-Vhlh mutant livers ( Figure 3A ; refs. 22, 33) . Because Hif-2α was required for the activation of both Epo and Trf expression, we next examined the regulation of 2 Hif target genes that have been previously characterized as preferential Hif-1α targets in vitro, the glycolytic enzyme (phosphoglycerate kinase) Pgk and the proapoptotic gene BCL2/adenovirus E1B-interacting protein 1, NIP3 (Bnip3) (34, 35) . Inactivation of Hif-1α significantly decreased Pgk mRNA levels in albumin-Vhlh mutant livers, whereas inactivation of Hif-2α resulted in increased Pgk transcript levels, suggesting that Hif-1α is the predominant regulator of Hif-induced Pgk expression in vivo ( Figure 3B ). In contrast, the induction of Bnip3 in albumin-Vhlh mutant mice was not significantly decreased by inactivation of either Hif-1α or Hif-2α; however, inactivation of Arnt resulted in complete suppression, suggesting that both Hif-1α and Hif-2α have the capacity to regulate Bnip3 ( Figure 3C ). Based on these data, we conclude that Hif-1 and Hif-2 regulate the expression of distinct target genes in the liver. Importantly, our data demonstrate that hepatic Epo and Trf expression can be induced in the liver through the stabilization of Hif-2.
Hif-2 is required for the induction of hepatic Epo expression in anemic mice. We next sought to determine whether Hif-2 is the dominant Hif in the regulation of hepatic Epo in a setting in which hepatocytes are WT for pVHL. We determined the relative contributions of Hif-1α and Hif-2α to hepatic Epo production mice with severe anemia induced by PHZ treatment and phlebotomy as an in vivo model of hepatic Hif stabilization and Epo activation. PHZ is a potent oxidant that causes severe hemolytic anemia resulting in increased Epo in the liver and kidney (36, 37) . After induction of anemia in albumin-Cre mutant mice, blood was collected to monitor hematocrit values, and hepatic Epo transcript levels were assessed by real-time PCR. PHZ injection decreased hematocrit values in control mice from 45% ± 3% to 27% ± 3% within 40 hours after the initial injection ( Figure 4A, first 2 lanes) . Hematocrit values were reduced to 15% ± 2% following phlebotomy, which was sufficient to stabilize both Hif-1α and Hif-2α in the liver after 4 hours ( Figure 4, A and B) . Accordingly, we observed the greatest increase in hepatic Epo mRNA levels in mice with the lowest hematocrit values ( Figure 4C ). Inactivation of Hif-1α did not affect the induction in hepatic Epo despite a significant reduction in Pgk and Bnip3 mRNA levels (Figure 4 , D and E). In contrast, inactivation of Hif-2α significantly reduced Epo, Bnip3, and Trf mRNA levels, whereas Pgk expression levels were unaffected. The combined deletion of Hif-1α and Hif-2α completely suppressed the induction of Epo, Pgk, Trf, and Bnip3 in acutely anemic mice (Figure 4 , C-F). Thus, our data provide evidence that the hypoxic induction of hepatic Epo and Trf expression is preferentially medi-ated by Hif-2 and that the Hif-2 dominance in regulating Epo expression is not restricted to Vhlh-deficient hepatocytes.
We next investigated whether hepatic Epo expression induced through nonhypoxic, pharmacological stabilization of Hif-α is Hif-2 dependent. Dimethyloxalylglycine (DMOG) has been previously shown to stabilize Hif-α through inhibition of HIF prolyl hydroxylation in vitro and in vivo (38) . Eight-week-old albumin-Cre mutants or control littermates were injected i.p. with either isotonic saline or 10 mg of DMOG. Hepatic Epo mRNA levels were determined by real-time PCR 6 hours after injection. DMOGtreated Cre-negative control littermates and albumin-Hif-1α mutants showed a statistically significant increase in hepatic Epo mRNA levels compared with DMOG-treated albumin-Hif-2α mutants (both P = 0.0357 [Wilcoxon rank sum test]; n = 3 each). Epo levels in albumin-Hif-2α mutants were comparable to those in saline-injected animals ( Figure 5 ; P = 0.1429). These results suggest that Hif-2 also regulates Epo under nonhypoxic conditions in Vhlh-competent hepatocytes.
Hepatic Hif-2 regulates Epo during early postnatal development. After we established that Hif-2α is required for the induction of hepatic Epo under pathological conditions, we next sought to define a physiological role for Hif-2-mediated Epo expression in the liver. Since hepatocytes are the major source of Epo during embryonic and early postnatal development (4-7), we investigated whether absence of Hif-2α would affect erythropoiesis in infant mice using albumin-Cre mutants. First, we examined hepatic Epo levels in WT postnatal mice by real-time PCR analysis and found that hepatic Epo was expressed in infant mice at P2 and P10 but not at P20 ( Figure 6A ). While hepatic Epo expression declined during early postnatal development, renal Epo levels increased, which is consistent with the switch in the primary source of systemic Epo from the liver to the kidney during this developmental period ( Figure 6A ; refs. 4-7). We next examined hepatic Hif-α protein levels in mice at P2, P4, and P10 by Western blot analysis. Both Hif-2α and Hif-1α were stable in nuclear extracts isolated from livers at P2, P4, and P8, whereas Hif-2α and Hif-1α were undetectable in P20 livers (data not shown). Since we observed that albumin-Cre-mediated recombination of Hif conditional alleles increased from P2 to P10 ( Figure 6B ), as previously observed by Postic et al. using a Cre-recombinase reporter allele (39), we determined liver Epo mRNA levels by realtime PCR in mice at P10. We found a 4-fold reduction in hepatic Epo levels in albumin-Hif-2α mutants compared with control, whereas liver Epo levels in albumin-Hif-1α mutants were not statistically significantly different from those in littermate controls ( Figure 6C ). The reduction in liver Epo levels in infant albumin-Hif-2α mutants was associated with a statistically significant decrease in hemoglobin concentrations (9.06 ± 0.29 g/dl versus 10.3 g/dl ± 0.3; P = 0.007) and red blood cell numbers (4.23 × 10 6 ± 0.16 × 10 6 /μl versus 4.97 × 10 6 ± 0.16 × 10 6 /μl; P = 0.006). In contrast, hemoglobin concentrations and red blood cell numbers did not statistically differ in adult albumin-Hif-2α mutants compared with control littermates (data not shown). Together, our data suggest that hepatic HIF-2α has a physiological role in the regulation of hepatic EPO expression and is important for the maintenance of erythropoiesis during infancy before the switch in EPO production from the liver to the kidney is completed.
HIF-2 preferentially binds to the EPO 3' enhancer HRE in hepatocytes. We next utilized an in vitro model to investigate the molecular mechanisms of HIF-2-mediated EPO expression in hepatocytes. Hypoxia treatment in Hep3B cells resulted in the stabilization of HIF-1α and HIF-2α and the transcriptional activation of EPO and PGK1 (Figure 7,  A and B) . Consistent with our results in vivo, the hypoxic induction of EPO in Hep3B cells was HIF-2α dependent and HIF-1α independent as determined by s i R N A -m e d i a t e d k n o c kdown of HIF-1α, HIF-2α, and ARNT ( Figure 7C) . To investigate the molecular mechanism by which HIF-2 preferentially mediates the hypoxic induction of hepatic EPO, we initially examined the ability of HIF-1 and HIF-2 to bind to the EPO 3' enhancer HRE by gel shift analysis. The EPO 3' HRE is located within the liver inducibility element, which functions as a hypoxiainducible enhancer in Hep3B cells (18, 40) . Antibodies against HIF-1α, but not HIF-2α, supershifted the majority of the HIF/HRE complex, suggesting that HIF-1 preferentially binds to the unmodified EPO HRE ( Figure 7D ). Protein extracts from 786-0 cells were used as a positive control for the HIF-2α supershift (data not shown). We next examined the association of HIF-1α and HIF-2α with the endogenous EPO HRE in hepatocytes by chromatin immunoprecipitation (ChIP) analysis. Surprisingly, we observed that HIF-2α, but not HIF-1α, associated with the EPO HRE under hypoxia ( Figure 7E) . In contrast, the HRE of HIF-1 regulated PGK1 was bound by both HIF-1α and HIF-2α under hypoxic conditions, suggesting that HIF/HRE binding by itself is not sufficient to induce gene expression and that additional cofactors may be required for the induction of HIF target gene expression ( Figure 7E ). We conclude that HIF-2 mediates EPO expression in Hep3B cells as a result of a preferential HIF-2 interaction with the endogenous EPO 3′ HRE.
Discussion
In the present study, we used a genetic approach to investigate the role of HIF-1 and HIF-2 in hepatic EPO production in adult and infant mice. We have shown that Hif-2 is the dominant Hif for the regulation of hepatic Epo expression in both Vhlh-deficient and anemic mice, whereas Hif-1 is required for the hypoxic regulation of other genes, such as Pgk. Furthermore, we have shown that Hif-2 during infancy is important for physiological liver Epo production and erythropoiesis.
The role of HIF-2 in the regulation of EPO expression does not appear to be restricted to hepatocytes. Studies in mice with germline-transmitted Hif-2α knockout or hypomorph alleles have suggested that renal Epo as well as retinal Epo production are dependent on Hif-2; however, the relative contributions of Hif-1 and Hif-2 could not be examined (41, 42) . Germline inactivation of Hif-2α resulted in the development of anemia in adult mice that was found to be Epo dependent and associated with decreased renal Epo levels (41) . In contrast, global inactivation of Hif-1α in the adult using a ubiquitously expressed inducible Cre-recombinase did not result in anemia (29) . The kidney serves as the main physiologic oxygen sensor in the adult and responds to systemic hypoxia with a rapid increase in Epo production by cortical and outer medullary fibroblast-like renal interstitial cells (43) . In the adult rodent kidney, Hif-2α, but not Hif-1α, was found to be strongly expressed in endothelial cells and in cortical renal interstitial fibroblasts under conditions of carbon monoxide treatment or renal ischemia, indirectly supporting the notion that Hif-2α may regulate Epo in renal interstitial cells (27, 44) . However, a direct comparison of Hif-1α-and Hif-2αdeficient renal interstitial cells would be necessary to provide a definitive answer regarding the role of Hif-1 and Hif-2 in the regulation of renal Epo production. In this study, we have generated a mouse model that allows a direct comparison of Hif-1 to Hif-2 with regard to their ability to regulate hepatic Epo under physiologic conditions. Despite the technical limitations of albumin-Cre-mediated recombination in neonatal mice, we were able to show that hepatic Epo expression is Hif-2 dependent during infancy before the kidney becomes the main site of Epo production. The decrease in liver Epo levels in infant mice was associated with lower hematocrit values. In contrast, adult albumin-Hif-2α mutant mice did not develop anemia, supporting the notion that hepatocytes are the major source of systemic EPO during embryonic and early postnatal development but not during adulthood. Consistent with our observations, mutations in the Epo 3' HRE resulted in the development of neonatal anemia that resolves 2 weeks after birth (45) . This finding also illustrates the importance of the EPO 3' HRE for hepatic EPO expression, as has been suggested by Semenza et al. (18) . Whether additional HIF-2α-expressing cell types, such as cardiomyocytes, glial cells, and type II pneumocytes (27) , are capable of producing EPO in an HIF-2-dependent manner remains to be investigated, as low levels of Epo mRNA have been detected in many different rat tissues including the lung, spleen, brain, and testis (46) (47) (48) .
Our data demonstrate that HIF-1 and HIF-2 activate distinct target genes in vivo. Evidence that HIF-1 and HIF-2 have different functional roles was first observed when the phenotypes of Hif-1α-and Hif-2α-knockout mice were compared. Germline inactivation of Hif-1α results in embryonic lethality at E10 due to severe vascular and CNS defects (28, 49) . In contrast, inactivation of Hif-2α by 3 independent groups resulted in embryonic lethality or death shortly after birth due to insufficient catecholamine synthesis, defects in vascular remodeling, or insufficient surfactant production from type II alveolar cells, depending on the genetic background (50) (51) (52) . Inactivation of Hif-2α in a mixed 129/C57BL/6 genetic background resulted in viable mice that developed multiple-organ pathology associated with mitochondrial dysfunction (53) . While some of the phenotypic differ-ences observed between Hif-1α-and Hif-2α-knockout mice may be attributed to distinct Hif-1 and Hif-2 expression patterns, it seems likely that functional differences observed in cells expressing both HIF-1 and HIF-2 are a result of differential target gene activation (35) . Although HIF-1α and HIF-2α are highly homologous in their DNA binding (83.9%) and dimerization (66.5%) domains, the remaining portion of the protein containing the N-terminal and C-terminal transactivation domains differ, with only 36.4% amino acid sequence homology, and may contribute to their unique functions (54) .
Using a genetic approach, we were able to demonstrate that Hif-2, and not Hif-1, preferentially regulates hepatic Epo expression in vivo and propose that HIF-2 dominance in the regulation of hepatic EPO is mediated by the preferential association of HIF-2 with the endogenous EPO 3′ HRE. We observed by ChIP analysis that HIF-2, but not HIF-1, associates with the endogenous EPO 3′ HRE in hypoxic Hep3B cells. In contrast, we found that HIF-1 preferentially binds to the unmodified EPO HRE fragment in vitro, consistent with the purification of HIF-1 from hypoxic Hep3B extracts using an 18-nucleotide fragment containing the EPO HRE (11) . Collectively, these data suggest that HIF-2 binding to the EPO 3' enhancer HRE requires additional nuclear factors associated with the EPO gene in vivo. This notion is supported by the recent finding that HIF-2-mediated expression of an EPO HRE-luciferase construct requires the minimal 223-bp enhancer fragment, which contains additional transcription factor binding sites (11, 19) . Examination of the EPO 3' enhancer element has revealed 2 sites in addition to the HRE that are required for the hypoxic induction of EPO expression. One of these sites includes a DR-2 element that is a binding site for members of the nuclear hormone receptor family. It has been shown that hepatocyte nuclear factor-4 (HNF-4) binds to the EPO 3' enhancer DR-2 element, and it has been proposed as a candidate factor that may cooperate with HIF-2 (19) . Similar to HIF-2, HNF-4 is expressed in a pattern that coincides with sites of EPO production in the liver and renal cortex and is required for the hypoxic induction of EPO expression in Hep3B cells (19, 55, 56) . The notion that HIF-2 target gene selectivity depends on the availability and cooperation of HIF with transcription factors bound to cognate elements in target gene regulatory sequences has been previously suggested; however, further studies will need to be performed to isolate factors that interact with HIF-2 and mediate the hypoxic induction of EPO (57) .
The ability of EPO-producing cells to efficiently target HIF-α subunits for proteasomal degradation under normoxia is essential for normal erythropoiesis and has clinical importance. Patients with congenital Chuvash polycythemia are homozygous for the Arg200Trp mutation in the VHL tumor suppressor and have elevated red blood cell counts due to increased EPO production as a result of elevated HIF activity (58, 59) . Furthermore, mutations in PHD-2, the most abundant PHD protein, result in a rare form of familial erythrocytosis (with hematocrit values up to 54%) from an inability to properly interact with HIF-α under normoxia (60) . Our data suggest that inhibition of HIF-α degradation in the liver is sufficient to substantially raise systemic EPO levels (up to 40-fold in Vhlh mutants; ref. 32 ) and thus may be useful for the treatment of anemia. The pharmacological stabilization of HIF-2 in the liver could potentially be achieved through the oral administration of specific HIF prolyl hydroxylase inhibitors. Individual PHD isoforms (PHD1, PHD2, and PHD3) have the ability to differentially regulate HIF-1α and HIF-2α stability (61) . Thus, one could imagine that compounds targeting individual PHD isoforms with different efficiencies could shift the HIF-1α/HIF-2α ratio toward HIF-2α. Furthermore, pharmacological targeting of HIF-α degradation by prolyl hydroxylase inhibition appears to preferentially induce plasma Epo levels in bilateral nephrectomized mice (62) , as well as increase serum EPO levels in humans (63) , and improve anemia of chronic disease and inflammation in animal models (64) . In the latter studies, inhibition of HIF-α hydroxylation not only increased serum EPO levels but also improved iron uptake and metabolism. Thus, it is not surprising that Trf and its receptor have previously been found to be regulated by HIF (22, 33, 65, 66) .
Our studies indicate that in addition to that of Epo, expression of Trf is preferentially regulated by Hif-2 in the liver, suggesting that HIF-2 through its potential effects on iron homeostasis may play a broader role in the regulation of erythropoiesis. The role of HIF-2 in the hypoxic regulation of additional genes involved in iron metabolism awaits future investigation.
In summary, we have shown by direct genetic comparison that HIF-1 and HIF-2 have distinct functions with regard to hypoxic gene regulation in the liver. We demonstrate that hepatic Epo expression is preferentially regulated by Hif-2 and not Hif-1 in the early postnatal, Vhlh-deficient, and anemic adult liver. The finding that HIF-1 and HIF-2 are not interchangeable with regard to the regulation of EPO has implications for pharmacological strategies that aim at targeting the HIF oxygen-sensing pathway for the treatment of anemia.
